The object of this research was to develop an arsenic(V) selective electrode. The electrode is based on a solid state membrane prepared by pressing a precipitate of silver arsenate-silver sulfide into a pellet.
water. This incidence of arsenic in water is not one of human pollution but rather is due to the course which is followed by the water. It is known that the water flows through some underground tunnels whiCh contain minerals that are high in arsenic before it reaches the community reservoirs. Arsenic is a cumulative poison which builds up slowly in the body. According to some medical sources, long term arsenosis may not be detectable for 2 to 6 years or 10nger(I). A side effect of ,arsenic poisoning is the possibility of skin rashes and other types of contact dermatitis in sensitive people. Pentavalent arsenic as arsenate is nontoxic in normal concentrations, is excreted rapidly largely through the kidneys, probably does not accumulate in human tissues, is a normal constituent of food, and may perform some unknown physiological function (2) .· Arsenic is introduced into the environment through volcanic eruptions, and is thus found in sedimentary rocks. Due to human activity, increasing amounts of arsenic are being introduced into food and water sources through usage in pigments, herbicides, insecticides, and phosphate laundry detergents. by silver diethyldithiocarbamate(4), by atomic absorption (5-9) , or by emission spectroscopy(10). ' However, it has been reported(11) that the recovery of small quantities 'of AsH3 is difficult. Also, it is desirable for an analytical procedure to distinguish between the possible oxidation states of arsenic, and these methods are inherently incapable of such a distinction. While isotope dilution (12) and colorimetric (13, 14) methods can describe the distribution of arsenic between the arsenate and arsenite species, these procedures are slow and tend to be rather insensitive. Thus, electrochemical methods are a reasonable alternative to other analytical techniques" (15) .
Voltammetric techniques are commonly used in trace metal work.
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One particular technique is called polarography. This method is signified by use of a dropping mercury electrode and theo+etically deals with the measurement of small electrical currents as a function of applied potential. The determination of· the presence of arsenic in its oxidation states and at low concentration has been extensively investigated (16, 17) . The results of these investigations have been compiled by Arnold and Johnson(18) .
In general, it is found that the most complicated and irreversible polarograms occur in noncomplexing acid media, e.g., HCI, H2S04' RN03'
where as in the presence of such complexing agents as tartaric acid~ citric acid or pyrogallol, simpler waves are produced. Some polaro-3 graphy was employed in this work to determine arsenic(V) and arsenic(III) in a 2M HC104-0.5 M pyrogallol medium. Three well defined waves were produced due to reduction of an arsenic(V)-pyrogallol complex to arsenic(III), arsenic(O) andAsH3-These determinations were also conducted using different supporting electrolytes suCh as 1 M HCl, 12 M HCI, or 4 M HCI04 to determine both arsenic(V) and arsenic(III). With these electrolytes, SnC14 was added in order to genera~e at the electrode surface a reducing agent, Sn+ 2 , whiCh might reduce arsenic(V) .to (III). This would be a catalytic current and could be used to measure the arsenic(V) concentration. The rate of the catalytic reaction was too slow to be useful_ Other catalyts were tried without success.
While these experiments were being conducted, a prototype commercial arsenic(V) ion selective electrode was obtained. This electrode, which failed after some experiments was subsequently withdrawn from the market. It was at this time that I decided to construct some electrodes.
During recent years, solid state ion selective membrane electrodes have been constructed which are sensitive to cations and anions as well as complexes. These electrodes have been designed and used for a wide range of analytical applications.
It is observed that electrodes can be made from lanthanum fluoride, silver sulfide, mixed silver sulfide -silve halide, mixed silver sulfide -metal sulfide, etc. Silver sulfide is an ionic conductor of low 'resistance in which the silver ions are the mobile species. The exceedingly low solubility product of Ag2S, its excellent resistance to oxidizing and reducing agents, and the ease with which it can be fabricated into dense polycrystalline membranes by conventional pellet pressing techniques, makes it an ideal material for electrode use (19) . In this work, precipitates were prepared by adding AgN0 3 to aqueous solutions.
containing varying amounts of Na2S and Na2HAs04. The resulting precipitate was washed, dried, and pressed into a solid pellet which was then made into a membra~e electrode.
The response of an ideal solid-state.membrane containing Ag2 S is determined by the activity of silver ions which in turn is determined by the solubility of silver arsenate in the presence of dissolved arsenate.
The.potential for a silver sulfide electrode is given by:
Since silver arsenate is much more soluble than Ag2S, the sulfide can be considered as a chemically inert matrix material through which silver ions are free to move. At the membrane-solution interface, the silver arsenate equilibrates with the sample solution resulting in a silver ion level given by the solubility of silver arsenate in the presence of dissolved arsenic{V).
[Ag+] = (SOlUbility product of silver arsenate\1/m The arsenate-sensitive membrane materials were prepared by c~pre cipitation of silver sulfide and silver arsenate. Different mole ratios of NaZS and NaZHAs0 4 were precipitated by addition of dilute AgN03 solution, but slightly less than the stoichiometric amount of AgN0 3 was added. Many electrodes were constructed in the course of this investigation but the discussion here will be restricted to the three representative electrodes in Table 1 . The tabulated moles of NaZS and Na Z HAs0 4 which were in a volume of about 200 ml and the moles of AgN03 which were in a volume of about 800 mI. The pH during the precipitiation was monitored and held at about 6-7 by addition of 1 M NaOH. The precipitations were carried out with rapid stirring.
The precipitate was filtered, very thoroughly washed with hot water then with carbon disulfide, acetone, hot water, and dried in an oven at 110°C overnight.
The precipitate was then set in'a die with a 13 rom diameter plunger (Harco Industries, Phoenix, Arizona). Approximately 0.6-0.8 grams of the precipitate was heated on a hot plate to 110oC, and' then was pressed for various lengths of time. The pressure was typically 6000 lbs/sq. in.
as indicated by the gauge on the hydraulic jack. The thickness of the disc used in electrode construction was 0.3-0.8 mm. After the disc was removed from the die, a ,copper wire was attached to one face using a To study the electrode" response to arsenic(V) ion, various concentrations of test solutions were prepared. A stock solution of 0.1 M arsenic(V) was prepared from Na2RAs04 and then successively diluted dawn to 10-6 M. In all solutions the ionic strength was 0.1 M and a dilute buf~er established the pH 9.5. Figure 3 gives the results.
The influence of the phosphate concentration on the electrode " response at constant pH was tested by the following procedure; additions of 0.5 ml, 1 ml, 2 mI, 5 ml, 10 ml, 15 ml, 20 m1 of 0.05 N potassium dihydrogen phosphate was made to a selected concentration of arsenic(V). 
Concentration of arsenic(V) solution Generally, all the elctrodes reached a stable potential within 2 minutes. For some cases, solutions were stirred by a Teflon covered magnetic bar in the beaker and a magnetic stirrer. The difference between potential reading with stirring and nonstirring was generally observed to be linearly displaced to a lower potential value.
Between measurements, the electrodes were polished by rubbing on fine emery paper, then rinsed thoroughly with distilled. water. AnodizatioD of electrode B1 was done before each series of measurements.
The solubilities of silver arsenate and silver arsenite at controlled pH values were determined from precipitation titrations using a silver ion electrode (Chemtrix, ·I~., Type C800Ag) to follow the concentration changes. For these titratidns, 50.0 ml of 0.0100 M AgN03 was • . ','.J
DISCUSSION OF RESULTS

Measurements of Solubility Products
Solubility products and the molecular formulas of silver arsenate and silver arsenite were determined from the titration curves shown in The three dissociation constants for the arsenic acid are given in Table   III . So the solubility product for Ag3As04' Ks, is given by
The calculated value is given in Table II and may be compared with the literature value of 1.08 x 10-22 at 20°C (20) .
At pH = 4.5, the titration reaction is In a similar manner, the apparent solubility product for this reaction is given by (Table III) gives
This value of Ksp 1.0 x 10-22 , listed in Table II agrees better with the literature value, but the titration curve is not very good.
Silver arsenite at pH = 8.0 dissolves according to the reverse of the titration reaction However, arsenious acid is very weak and the third dissociation constant has not been measured. For the first dissociation, Kl = 6.0 x 10-10 and for the second, K2 = 3 x 10-14 • Since it is not possible to obtain a solubility product which is independent of pH, the constant has been calculated for Using the same equation as before, the calculation of the solubility , product follows from the data of the titration curve and KSp = KSp Kl.
"The result is given in Table II . Although this solubility product is considerably larger than the constant for Ag3As04, the concentration of silver(I) is smaller at a given pH due to the protons in the reaction involving arsenite.
Optimum pH for Arsenic(V) Response
The measurements of potential over the pH range of 2.5 to 12 reveals not only the optimum pH r"an-ge "but also several important char:-acteristics of the electrode. In Figure 2 , electrode Bl has a ~lateau in potential from pH values of 6 t~ 9; the plateau is very distinct at low 24 arsenic (V) concentrations but with time at 10-2 M arsenic(V) the curve became rather steep_ Since electrode B1 was not anodized just before these measurements, the behavior is the same as that of B2-The plateau suggests that the electrode responds to the ion HAs04--since this is the dominant species over this pH range. Theoretical plots are given in Figure 2 for this case and for the case where the response is due to As04-3, the derivation of the equations for these curves is in the Appendix. It is evident that the experiment~l curves agree well with the slope of the theoretical curve for HAs04-2 up to pH 9, but then beyond this pH the agreement is with the theoretical curve for As04-3.
Since these measurements were made from low to high pH values it appears that the electrode contained initially Ag2HAs04 whiCh was converted to Ag3As04 in alkaline solutions. It would be expected that the conversion would be time and concentration dependent and this is why the curve in Figure 2 for 10-2 M arsenic(V) does not have a distinct plateau. Also, if the pH was decreased during these measurements, the potentials were not reproducible but were lower. Such hysterises clearly is due to a change in the electrode.
When electrode B1 was anodized in an arsenic(V) solution, and then used to determine the effect of pH, the curve, as shown in Figure 2 , agreed in shape with the theoreti~al plot for response ~o the As04-3 ion. It is expected that Ag3As04 forms on the electrode surface during anodization s~nce ~his is the only compound that was found in the potentiometric titration curves regardless of pH (see Figure 6 ). It remains then, to explain why electrodes of the composition used for B1 .. • experiments done before exposure to~olutions of pH 12 • • similar e~eriments done later." Two electrodes were used, B2 and B3 i I. arsenate. In the precipitation process, HAs0 4 -2 was apparently incorportated into the crystal lattices of Ag2S when the latter was in excess.
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However, when the arsengte was in excess, it is quite reasonable to assume that Ag3As0 4 formed as a separate phase mixed with Ag2S.
In the formation of the membrane materials, it is perferable to lower the pH below 10 to avoid Ag 2 0 formation. Ag20 is an electronic conductor and the electrodes should be only ionic conductors. ' The presence of Ag 2 0 gives poor selectivity and sluggish electrode potential response to arsenic(V) solutions.
Effect of Anodizing Currents and Anodizing Times
Since silver arsenate can be dissolved out of the membrane surface This reaction will not proceed to the right unless the ratio of the phosphate ion activity to the arsenate ion activity exceeds a value given by the ratio of the solubility products of silver phosphate to silver arsenate, assuming that the activity ratio of the two solids is constant.
Pungor has given a generalized equation (23), which for a bromide Since the ionic strength of the solution was kep~ eonstant, the ~on concentration was used instead'of ion-activity. Then the selecti-' vity constant can be calculated by means of the following expression:
The experimental data and selectivity constants are listed in Tab,le .. V.
Ion X-m PO -3 . 4
As (III) 
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It is found b~th by experiments and theory that the arsenic(III)
ion has an appreciable effect on the potential measurements. So, it is necessary to oxidize all the arsenic(III) to arsenic(V) before doing the measurements in order to get a meaningful result. From the low solubility of silver arsenite at high pH values, it is apparent that an ion selective electrode could be made for arsenic (III) and that interferences due ,to arsenic(V) would be less than the converse situation above.
It may be concluded that optimum performance and stability of an arsenate-sensitive electrode would require having a high mole ratio of silver arsenate to silver sulfide. However, such a ratio also causes a decrease in the ionic conductivity ,of the membr90e. Exactly where the compromise ratio is could be established by future experiments of the type used in this work.
APPENDIX
For the arsenic(V) sensitive electrode, assuming that the precipitate form in the membrane is Ag2HAs04, the mass balance of arsenic(V) where Ksp = solubility product of Ag2HAs04. The values of E were calculated from equation 9 over the full pH range and are plotted in Figure 2 . The constant value was adjusted in order to coincide with the experimental curve over pH = 7-9.
Based on the precipitate Ag3As04' the mass balance of arsenic(V) [ 4.
where Ksp = solubility product of Ag3As04 we get E = k" + 0.02 log t3
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The values of E were calculated from equation 11 over the pH range 3 to 12 and plotted in Figure 2 . The constant value was adjusted in orde~
